The objective of most rural electrification programs in the developing world is to bring 9 about socio-economic development to households. Governments have put in place a 10 number of measures to achieve this goal. Previous studies on rural electrification show that in locations with hydro resources, a hybrid mini-grid system has the most 26 potential for meeting the energy needs of the households in a cost effective manner. The 27 assessment shows that with adequate planning and optimization of available resources, 28 the cost of electricity production can be reduced.
Introduction

33
Even though the Millennium Development Goals (MDG) 1 did not specifically mention by the affected governments to improve energy access to their off-grid populations, but 47 they have met with little or no success. A review of rural electrification programs in 48 developing countries shows that the Solar Home System (SHS) is the foremost 49 decentralized technology used to improve access to energy in rural communities [7] .
50
SHS is attractive due to its apparent cost-effectiveness, as most un-electrified households 51 are in remote rural and peri-urban areas where access to the grid is financially non-viable 52 [7] . However, assessment of the development impacts of SHS has also revealed some drive SHS programs at the expense of other appropriate technologies [7] . Another review 57 of SHS programs in several countries concluded that despite the social and environmental 58 benefits, the economic viability remains uncertain [9] .
59
The South African SHS program was launched in line with the policy objectives of the 60 Integrated National Electrification Program (INEP), which is aimed at increasing energy 61 access to deprived households after the abolition of apartheid. The program initially 62 focused on extension of the national grid, but after the first phase of the program 1999) it became obvious that urban settlers felt greater benefits than rural dwellers [10] .
64
This was because Eskom (the main national utility company), who funded the program, 65 found it economically unviable to extend the grid to remote rural areas due to the low 66 income of the inhabitants, dispersed homesteads and low energy demand [10] . Therefore, 67 due to its comparative advantages over the alternatives, SHS was chosen as the preferred 68 technology to electrify rural households [11] . Experience has shown that for a rural electrification program to be sustainable, it must be 110 able to improve the payment capability of the beneficiaries [18] . The argument against the 111 use of the mini-grid system in South Africa has been based on its high electricity 112 production cost. The issues of low power capacity of SHS and its limited socio-economic 113 development impact on rural households have received little attention. Furthermore, less 114 attention has been given to the mini-grid alternative, partly due to the failure of the
115
Lucingweni pilot mini-grid project and the notion that mini-grids are not feasible in South
116
Africa due to the reported high electricity production cost [5] . This study is focused on the 117 use of hybrid mini-grid systems as an alternative solution to meet the energy needs of 118 rural households in South Africa.
119
In addition, due to the limited success of SHS in bringing development to rural households, 120 this paper also investigates:
121
-The ability of hybrid mini-grid systems to extend the availability of power to rural 122 households without compromising on quality and reliability, so that productive and thermal 123 energy needs are met sustainably.
124
-The optimal energy mix needed to produce electricity at the lowest cost in two South
125
African villages where mini-grid and SHS have been introduced.
126
-The techno-economic justification for including the mini-grid solution in the South African 127 rural electrification program.
128
-How the cost of electricity production in the mini-grid system could be reduced. 
Methods and materials
130
The methods used in this study are illustrated in Figure 1 . The average load (0.543 kWh/day) was based on the standard usage pattern of the SHS 143 system at Thlatlaganya village [16] , and the load data for the mini-grids was adapted from
144
[5], based on data from the Lucingweni pilot mini-grid project. 300 households were used 
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Where is the electrical power output from the photovoltaics (PV), and , and 172 are the electrical outputs from wind, hydro and diesel generators respectively.
173
The LCOE is calculated using equation (2) 174 , . 
…………………………………………………… (2)
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The total electrical power output from the PV is given by equation (5 and , is PV cell temperature under standard conditions (25 °C).
198
Generator (diesel) total electrical power output is adapted from equation (6) 199 . .
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200
Where, is the electrical output of the generator, is the fuel consumption rate (l/h),
201
is the fuel curve intercept coefficient ( / / ), is the rated capacity of the 202 generator (kW), and is the fuel curve slope ( / / ).
203
The state of charge of the battery system in a hybrid mini-grid during discharge is given 204 in equation (7) [24] .
The state of charge when the battery is charging is given in equation (8).
Pb (t-1) and P b (t) are the battery energy at the beginning and the end of the interval t 209 respectively, (t) is the load demand at the time t, Ph (t) is the total energy generated by
210
PV array, diesel and wind generators at time t, σ is the self-discharge factor and ɳ and 211 ɳ are the battery charge and inverter efficiency (80% and 90% respectively) as obtained 212 from HOMER™ data. and March, and the lowest flow in September ( provided by the mini-grid with that from SHS given the low power capacity of the system 267 which hampers its ability to support income generating activities. 
Comparison of activities supported by mini-grid and SHS
285
The assessment of the operation of the mini-grid system shows that it is able to extend 286 electricity availability to the households for 24 hours, supporting activities such as lighting, 287 refrigeration, agriculture (irrigation, milling), carpentry, education, health, security services 288 and other small scale enterprises. This is in contrast to the SHS which supplies intermittent 289 electricity for around 3 to 5 hours per day and is used mostly at night for lighting and 290 entertainment purposes (Table 3) . 
Energy mix and technology choice 300
The optimization of the energy resources available at Thlatlaganya show that the optimal 301 energy mix for the hybrid mini-grid system is a combination of a 50 kW diesel generator 302 (50 kW Genset), 14 kW PV, 140 kW wind generator (Generic10kW), 150 kW converter 303 and 400 kWh battery system which combine to meet the 732 kWh/day energy demand.
304
The PV and wind generator provide 20% of the energy mix, with the remainder being 305 provided by the diesel generator (Fig. 3) . Optimization of the energy resources at
306
Lucingweni results in an optimal mix with least cost of 92 kW hydro power, 60 kW wind 307 energy generator, 50 kW diesel generator, 150 kW converter and 200 kWh battery system.
308
The renewable energy fraction is 99% with 81% of the electricity production coming from the hydro power, while 18% is from the 10 kW wind generator and about 1% is provided 310 by the diesel generator (Fig. 4) . The renewable energy fraction for the SHS is 100%. 
Electricity production capacity of the two mini-grids
318
The electricity produced by the two optimized mini-grid systems is able to meet the loads 319 with excess production. Some of the excess electricity produced is used by the pumping 320 machine as dump loads. This shows that the mini-grid systems are able to meet loads 321 capable of supporting domestic, social and economic activities as designed, which is a 322 precondition for the establishment of small and medium scale businesses. The simulation
323
shows that there is around 75.6% excess electricity in the Lucingweni mini-grid, while 324 there is around 2% excess in the Thlatlaganya mini-grid (Table 4) . The results from the simulations show that there is less reliance on batteries in the mini-330 grid than in the SHS (Fig. 5) . The SOC in the mini-grids show that Lucingweni and
331
Thlatlaganya are able to achieve around 99% and 93% SOC respectively during operations. The occasional dips in the amplitude of the oscillations indicates occasions 333 when the system is more reliant on batteries to meet the electricity demand. The 
Economic evaluation of the mini-grids
347
The economic evaluation of the two mini-grids provides information on the cost of 348 implementation and operation during the life cycle of the systems. exceeds that of a standalone mini-grid (Fig. 6) . The BED for the Lucingweni mini-grid 367 obtained in this study is about 4 km (Fig. 7) . However, during the implementation of the 
Fuel consumption profile for Thlatlaganya mini-grid
376
The total fuel consumption per year for the Thlatlaganya mini-grid is 72,640 L, and the 
Impact of Wind speed variation on the technology and economics of mini-grids
396
Sensitivity analysis shows that the variation in wind speed has impacts on the mini-grid 397 systems. The cost of fuel, OC and hours of operation decrease as the wind speed 398 increases (Fig. 10) . This is an indication that more energy is produced from the wind 
The impact of Variation of feedstock price on the economics of mini-grids
417
Increases in the diesel price increase the OH and BED for the Thlatlaganya mini-grid as 418 indicated in the price sensitivity analysis (Fig. 11) . The Lucingweni project is less affected 
439
The difference between the capacity of SHS and mini-grid systems is exemplified by their 440 load profiles as illustrated in Fig. 2 . The load profile of the SHS shows that the power 441 capacity of the system is limited which explains the lack of productive activities during day.
442
The actual situation may be more critical as the simulation stretches the capacity of the
443
SHS to its limit to accommodate the load due to the behavioural pattern of the households,
444
and this can only be met by overloading the system to provide 0.543 kWh/day/household 445 [14] . This is evident from the noticeable stress on the SHS battery (Fig. 6) . The SOC 446 resulting from this usage pattern is 50%, reflecting the low power quality of the system.
447
The optimization of the 75 WP SHS used for the South African program shows that the 448 system can only work optimally at 0.302 kWh/day/household [14] . Operating the system 449 under optimized conditions increases the SOC to about 84%. However, this reduces the 450 usage time as the system can only maintain an uninterrupted electricity supply under the 451 optimal condition for about 3 hours [14] .
On the other hand, the two mini-grids show that sufficient electricity can be produced to conditions [38] .
466
The investigation reveals that the inclusion of hydro power in the energy mix of the electricity production due to the high flow rate in the upper Mbashe River (Table 1) . [41] .
510
The techno-economic analysis of the SHS and the mini-grid systems at the two sites
511
shows that mini-grid electricity is able to meet energy needs and allow for an energy based 512 economic development of the rural settlements. However, the economic viability of the 513 mini-grid may be affected by its distance from the national grid. An earlier study concluded 514 that long distance to the grid and environmental considerations make mini-grids a more to also include mini-grid solutions in areas with access to adequate resources.
550
Research is required on how to manage the OPEX phase of projects after commissioning, 
